A nitrogenase-inspired biomimetic chalcogel system comprising double-cubane [Mo 2 Fe 6 S 8 (SPh) 3 ] and single-cubane (Fe 4 S 4 ) biomimetic clusters demonstrates photocatalytic N 2 fixation and conversion to NH 3 in ambient temperature and pressure conditions. Replacing the Fe 4 S 4 clusters in this system with other inert ions such as Sb 3+ , Sn 4+ , Zn 2+ also gave chalcogels that were photocatalytically active. Finally, molybdenum-free chalcogels containing only Fe 4 S 4 clusters are also capable of accomplishing the N 2 fixation reaction with even higher efficiency than their Mo 2 Fe 6 S 8 (SPh) 3 -containing counterparts. Our results suggest that redox-active iron-sulfide-containing materials can activate the N 2 molecule upon visible light excitation, which can be reduced all of the way to NH 3 using protons and sacrificial electrons in aqueous solution. Evidently, whereas the Mo 2 Fe 6 S 8 (SPh) 3 is capable of N 2 fixation, Mo itself is not necessary to carry out this process. The initial binding of N 2 with chalcogels under illumination was observed with in situ diffuse-reflectance Fourier transform infrared spectroscopy (DRIFTS).
A nitrogenase-inspired biomimetic chalcogel system comprising double-cubane [Mo 2 Fe 6 S 8 (SPh) 3 ] and single-cubane (Fe 4 S 4 ) biomimetic clusters demonstrates photocatalytic N 2 fixation and conversion to NH 3 in ambient temperature and pressure conditions. Replacing the Fe 4 S 4 clusters in this system with other inert ions such as Sb 3+ , Sn 4+ , Zn 2+ also gave chalcogels that were photocatalytically active. Finally, molybdenum-free chalcogels containing only Fe 4 S 4 clusters are also capable of accomplishing the N 2 fixation reaction with even higher efficiency than their Mo 2 Fe 6 S 8 (SPh) 3 -containing counterparts. Our results suggest that redox-active iron-sulfide-containing materials can activate the N 2 molecule upon visible light excitation, which can be reduced all of the way to NH 3 using protons and sacrificial electrons in aqueous solution. Evidently, whereas the Mo 2 Fe 6 S 8 (SPh) 3 is capable of N 2 fixation, Mo itself is not necessary to carry out this process. The initial binding of N 2 with chalcogels under illumination was observed with in situ diffuse-reflectance Fourier transform infrared spectroscopy (DRIFTS). 15 N 2 isotope experiments confirm that the generated NH 3 derives from N 2 . Density functional theory (DFT) electronic structure calculations suggest that the N 2 binding is thermodynamically favorable only with the highly reduced active clusters. The results reported herein contribute to ongoing efforts of mimicking nitrogenase in fixing nitrogen and point to a promising path in developing catalysts for the reduction of N 2 under ambient conditions. nitrogenase mimics | chalcogel | N 2 fixation | ammonia synthesis | photocatalytic T he reduction of atmospheric nitrogen to ammonia is one of the most essential processes for sustaining life. Currently, roughly half of the fixed nitrogen is supplied biologically by nitrogenase, while nearly the other half is from the industrial Haber-Bosch process, which operates under high temperature (400-500°C) and high pressure (200-250 bar) in the presence of a metallic iron catalyst (1) . Nitrogenase, a two-component protein system comprising a MoFe protein and an associated Fe protein, carries out this "fixation" in nature under ambient temperature and pressure (2) (3) (4) . N 2 substrate binding and activation take place at the ironmolybdenum-sulfur cofactor (FeMoco), and in some cases, Mofree iron-sulfur cofactor FeFeco and iron-vanadium-sulfur cofactor FeVco cofactors. Electron transfer during this catalytic process is believed to proceed from a [4Fe:4S] cluster located in the Fe protein to another Fe/S cluster (the P cluster) buried in the MoFe protein and finally to the FeMoco (Fig. 1A) (2, 5, 6) . Whereas the role of Mo in the reactivity of nitrogenase has been the subject of long debate, iron is now well recognized as the only transition metal essential to all nitrogenases, and recent biochemical and spectroscopic data point to iron as the site of N 2 binding in the FeMoco (7) (8) (9) . Naturally, understanding and mimicking how the nitrogenase enzyme accomplishes the difficult task of N 2 reduction under ambient conditions is one of the grand challenges in chemistry. To this end, inspired by the molecular structure and function of FeMoco, a number of groups have synthesized transition metal-dinitrogen complexes and examined stoichiometric transformations of their coordinated N 2 into NH 3 and N 2 H 4 (9-19). However, the operation of homogeneous transition metal-dinitrogen complexes usually requires organic solvents, strong reducing agents, and often extremely low operation temperatures (5, 10, 12, 14) . The prospect of using solar light energy to convert N 2 to ammonia is highly attractive but it represents a great challenge and is a less-investigated line of inquiry. Hamers and co-workers reported that solvated electrons emitted from illuminated diamond can accomplish N 2 reduction (20, 21 (24) were also reported to perform light-induced N 2 fixation. These systems are not biomimetic and usually exhibit very low conversion efficiency (SI Appendix, Table S1 ).
Our group has recently developed a new class of porous chalcogenide aerogels by the metathesis reaction, dubbed "chalcogels," which can be functionalized with biomimetic functionalities (25) (26) (27) . These materials can easily incorporate Mo 2 Fe 6 S 8 (SPh) 3 or Fe 4 S 4 clusters in their structure and have been shown to reduce protons both electrocatalytically and photocatalytically to hydrogen (28, 29) . The Mo 2 Fe 6 S 8 (SPh) 3 cluster-based chalcogel was recently demonstrated to be capable of photocatalytically reducing N 2 to NH 3 (30) . Inspired by the structure and function of the MoFe protein of nitrogenase which contains both iron-molybdenum-sulfur and ironsulfur clusters (the P cluster), we prepared a chalcogel that also incorporated two types of clusters: the FeMoco-like Mo 2 Fe 6 S 8 (SPh) 3 and P-cluster-like Fe 4 S 4 linked together with units of [Sn 2 S 6 ] 4-, in a 3D superstructure (Fig. 1B) (2, 4, 30) . This chalcogel is dubbed "FeMoS-FeS-SnS." We also prepared two more chalcogels, one with Mo 2 Fe 6 S 8 (SPh) 3 (dubbed "FeMoS-M-SnS") and a molybdenum-free one, the Fe 4 S 4 chalcogel (FeS-SnS) (31, 32) . The purpose of using the
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In nature, nitrogenase fixes nitrogen into biologically usable forms under ambient conditions. Today, half of the world's nitrogen fixation is achieved through the industrial Haber-Bosch process, which operates at elevated temperature and pressure. Here, we present a synthetic nitrogenase mimic in the form of chalcogel composed of molybdenum and iron-containing biomimetic clusters that can accomplish photocatalytic N 2 fixation and conversion to NH 3 at ambient temperature and pressure. Surprisingly, the iron-sulfur chalcogels without molybdenum are observed to have a higher activity toward N 2 reduction. The results reported here will greatly expand the scope of materials design and engineering for the creation of highly active ironbased N 2 reduction catalysts operating in mild conditions.
FeMoS-M-SnS chalcogels was to see if placing the FeMoS clusters farther apart in space would have any effect on the catalytic reaction, whereas that of FeS-SnS was to probe the necessity of Mo. These three chalcogels achieve photocatalytic N 2 reduction but more importantly, and to our surprise, the iron-only FeS-SnS chalcogel is in fact not only capable of N 2 reduction but also with higher rate. Diffuse-reflectance Fourier transform infrared spectroscopy (DRIFTS) experiments performed under light illumination show a clear signature of the N 2 binding process and its subsequent reduction. The results reported here show that the photochemical activation of N 2 using visible light is possible with Mo 2 Fe 6 S 8 (SPh) 3 as well as Fe 4 S 4 -based materials at room temperature, ambient pressure, and aqueous conditions. Despite the complex progression multielectron/-proton reactions required, we clearly have an unexpectedly viable and robust process that leads to ammonia. Our results also demonstrate that iron rather than molybdenum is the element necessary for photoreduction of N 2 to NH 3 .
Results and Discussion
The relatively facile bottom-up synthesis of chalcogels enables variation of components with easy integration into the structure (25, 26) . Aiming at a boost in the photochemical N 2 reduction yield, we devised the construction of a new chalcogel (FeMoSFeS-SnS) incorporating both Mo 2 Fe 6 S 8 (SPh) 3 . In the second, we used only Fe 4 S 4 clusters for a Mofree chalcogel. Fig. 2A shows schematic illustration of the 3D network. The synthetic reactions to prepare these chalcogels are given in the SI Appendix, Table S2 .
Typical images of the FeMoS-FeS-SnS chalcogel are shown in Fig. 2B . The shiny and flat cleaved surface of the chalcogel indicates excellent gelation status. Scanning electron microscopy (SEM) characterization in Fig. 2C reveals the spongy and porous nature of the chalcogel. Transmission electron microscopy (TEM) in Fig. 2D further demonstrates the porosity of the chalcogel; selected-area electron diffraction as well as X-ray diffraction patterns (SI Appendix, Fig. S1A ) confirm the amorphous character. The chalcogel can turn into a highly porous aerogel after supercritical drying with CO 2 whose surface area is high as assessed with nitrogen adsorption measurements (Fig. 2E ). (Fig. 2G ). This spectrum is composed of a main central quadrupole split part, which was fit using a combination of two pairs of components of equal areas. Elemental analysis (SI Appendix, Fig. S1C ) of FeMoS-FeS-SnS aerogel shows the presence of all of the expected elements. The presence of counter cations Ph 4 P + and Na + indicates the chalcogel network is overall negatively charged. The presence of clusters in chalcogels was also assessed with thiol extrusion experiments as described previously (SI Appendix, Fig.  S1D ) (27, 29, 31) . The chalcogels are black and have very strong and broad optical absorption in the visible range (27, 28, 30) .
The simplified N 2 reduction equation is depicted in Fig. 3A (30) . In a typical experiment, slices of chalcogels were put into a sealable vial containing 5 mM NaAc and 50 mM PyrH aqueous solution (SI Appendix, Table S3 , entry 1). The expected NH 3 will protonate to NH 4 + in the slightly acidic reaction environment (pH = 4). materials characterizations). Compared with FeMoS-SnS chalcogel, the FeMoS-FeS-SnS chalcogel gave better yield of NH 4 + over 48-h reaction time (30) . For the FeMoS-FeS-SnS gel, the better performance can be ascribed partly to the thermodynamically favorable electron transfer from Fe 4 S 4 cluster to Mo 2 Fe 6 S 8 (SPh) 3 cluster under broad excitation by comparing the first reduction potential of the two clusters obtained from the CV measurements (SI Appendix, Figs. S4B and S5F, respectively).
Due to recent research on nitrogenase assigns iron as the N 2 binding site in the FeMoco (8) , and also motivated by the higher performance of FeMoS-FeS-SnS than the FeMoS-SnS, we tested FeS-SnS for photochemical N 2 fixation (33). Remarkably, the FeSSnS was also able to accomplish the N 2 fixation, and the NH 4 + yield could reach as high as 16 ppm. The FeMoS-M-SnS chalcogel exhibited varied N 2 reduction activities (SI Appendix, Figs. S6 and S7 for materials characterizations). More specifically, the M=Sb 3+ material boosted the performance of the pristine FeMoS-SnS chalcogel whereas the M=Sn 4+ , Zn 2+ chalcogels had weaker performance in terms of N 2 reduction efficiency (SI Appendix, Fig. S8) .
A broad set of control experiments was also conducted to exclude possibilities that ammonia production might result from sources other than N 2 (SI Appendix, Fig. S9A ). There was no ammonia detected from the ultrapure H 2 O used as solvent for the reaction, excluding possible ammonia contamination from water (SI Appendix, Fig. S9B ). Ammonia was not observed when the chalcogel catalyst was absent from the reaction (SI Appendix, Table S3, entry 3) or when the reaction was performed in the dark (with chalcogel), verifying the role of light in driving the N 2 reduction and the role of chalcogel in catalyzing it (SI Appendix, Table S3 , entry 4 and SI Appendix, Fig. S9C ). No ammonia was detected with Na 4 Sn 2 S 6 replacing iron-sulfur chalcogels as catalysts under standard photocatalytic N 2 reduction condition, indicating the linking agent not being involved in the photocatalytic experiment (SI Appendix, The photocatalytic experiments were also run using optical filters to block the UV radiation emitted by the xenon lamp. The UV filter blocks 99% of UV light and allows ∼80% of the visible light to pass through. Under these conditions, the ammonia production was retained and the yield was lowered to 50% compared with the yield without the optical filter. This demonstrates that visible light dominates the photochemical N 2 reduction reaction by FeMoSFeS-SnS (SI Appendix, Table S3 , entry 2).
To corroborate the origin of ammonia from N 2 , we conducted an isotopic labeling study using N 2 enriched to 98% with 15 
N≡
14 N as the purge gas (Fig. 4A) Fig. S10 ). For the isotope labeling experiment, a gas-trapping strategy was preferred due to the limited supply and high cost of + doublets with irradiation time provides conclusive evidence that the detected ammonia originates from nitrogen gas.
The excitation of the clusters by light illumination must form energetic enough excited states capable of binding N 2 and reducing it stepwise presumably to NH=NH, H 2 N-NH 2 , and ultimately NH 3 . We sought to observe the binding events and possible intermediates in the early stages of this cascade using DRIFTS. The advantage of DRIFTS is the ability to analyze solids and their interaction with gases in situ and without special sample preparation. This extremely sensitive spectroscopy technique permits studies of the surface chemistry of high surface area materials, notably for heterogeneous catalysis and gas molecule binding, where in the DRIFTS cell the temperature and environment of the catalyst can be controlled in situ. The mechanism of photocatalytic conversion of N 2 over chalcogels was therefore investigated by means of in situ DRIFTS in combination with a moist stream of N 2 as well as isotopically labeled 15 N 2 and D 2 O (see setup in Fig. 5A ) (34) . The purpose of using moisture in this experiment was to provide a mechanism for the reaction to obtain protons. Fig. 5B shows DRIFTS spectra of FeMoS-FeS-SnS aerogel over 75 min of light illumination in N 2 atmosphere, against background spectra of the same gel obtained after flushing with the argon for 20 min. The Fig. S12A ). These bands do not appear when there is no N 2 flowing or when the experiments are carried out in the dark. We attribute these two bands to the N-N stretching mode of an M-N=N moiety in accordance with previous studies (16, 35, 36) . When , respectively), the N≡N triple bond of N 2 weakens after binding to the chalcogel clusters, suggesting the potential for further functionalization, and ultimate N-N bond cleavage to form ammonia (38) . The N-N stretching mode frequency is lower on the Fe 4 S 4 cluster than on Mo 2 Fe 6 S 8 (SPh) 3 cluster, implying that the photoactivated Fe 4 S 4 weakens the N≡N bond more significantly (35) . This could partially explain why the FeS-SnS chalcogel outperforms the FeMoS-FeS-SnS chalcogel in terms of NH 3 production.
We also conducted isotopic labeling studies with DRIFTS experiments using 15 N 2 . Compared with 14 N 2 , a new band at 1,687 cm −1 was observed with prolonged irradiation (Fig. 5D ). However, a broad band (including the 1,753-and 1,746-cm (19, (35) (36) (37) . Our DRIFTS results demonstrate that N 2 can bind to the chalcogel under light illumination. Upon initial formation of the M-N=N intermediates, electron and proton transfer can occur followed by additional light-induced electron reduction and protonation until the N≡N bond cleavage to NH 3 in the final step (5, 39, 40) . The fact that NH 2 NH 2 is a far more active substrate than N 2 in yielding NH 3 explains why it is not detected as a product in our NMR spectra and suggests that NH 2 NH 2 is a likely intermediate similar to the mechanism postulated for nitrogenase itself (8, 41) .
To gain further insights into the binding of N 2 to the Mo 2 Fe 6 S 8 (SPh) 3 and Fe 4 S 4 clusters upon photoexcitation, we have used broken symmetry density functional theory (DFT) calculations using the ORCA computational chemistry package (42 , precursors of the FeMoS-FeS-SnS, FeMoS-SnS, and FeS-SnS chalcogels, respectively, were taken to be the oxidation states of the ground states of the base units of the chalcogel. These models represent only a local fraction of the chalcogels where nitrogen bonding is thought to take place; our model does not describe interactions and structural changes between units. Thus, the models are only intended to give mostly qualitative insights. The [Mo 2 Fe 6 S 8 (SPh) 3 proceeded in the same fashion. The lowest energy combinations involved an antiferromagnetic coupling between two groups of two iron atoms with overall M s = 0 for the 2 − and 4 − clusters and M s = 1/2 for the 3 − cluster. We then simulated the electron reduction of the complex and subsequent N 2 binding and reduction by using NaAc and PyrH as electron and proton sources in accordance with the experimental conditions. For our Mo 2 Fe 6 S 8 (SPh) 3 model, we found N 2 attaching to molybdenum or to a four-coordinate iron site on the doubly reduced complex as the most thermodynamically feasible mechanism after testing a number of different possible binding sites for N 2 for all oxidation states. Fig. 6 shows the adsorption energies of N 2 for different oxidation states of the clusters. As seen in Fig. 6A , attempting to bind N 2 to Mo incurs a penalty of about 10 kcal/mol when the cluster is unreduced. After reducing the cluster twice to its 5 − state ([Mo 2 Fe 6 S 8 (SPh) 3 (Fig. 6B) requires removal of the chloride ligand from the Fe to form a roughly tetrahedral structure with the iron atom, which would correspond to breaking one of the Fe-S-Sn bridges in the full chalcogel. Localized orbital analysis shows no bonding orbitals or extremely weak bonding orbitals between N 2 and metal atoms for all tested oxidation states, suggesting an interaction dominated by van der Waals forces. In the case of [Fe 4 S 4 Cl 4 ] 2− (Fig. 6C ), the N 2 binding is similar to N 2 binding to iron in the double Mo 2 Fe 6 S 8 (SPh) 3 cubane; a chloride ligand is removed, and localized orbital analysis shows a very weak bonding orbital between nitrogen and iron.
Whereas the nitrogen-metal interaction in Fig. 6 A and B is more favorable for the reduced form of the Mo 2 Fe 6 S 8 (SPh) 3 model, this interaction does not necessarily suggest that Mo 2 Fe 6 S 8 (SPh) 3 has faster kinetics and a higher yield than the Fe 4 S 4 cluster. These energetics merely demonstrate when nitrogen binding is most feasible. A better indicator of theoretical agreement with the DRIFTS experiments can be found in the calculated N-N bond lengths indicated in Fig. 6 . For the Mo 2 Fe 6 S 8 (SPh) 3 cluster, the calculated N-N bond lengths are 1.099 Å and 1.111 Å when nitrogen attaches to Mo and Fe in the 5 − state, respectively. These distances lie in between bond length values of free nitrogen (1.098 Å) and diazine (1.201 Å). In the Fe 4 S 4 cluster, the calculated N≡N bond length is 1.116 Å, which is about 0.02 Å longer than the reported bond length of free nitrogen. This result suggests that the interaction between nitrogen and transition metal weakens the N≡N bond most in the case of the Fe 4 S 4 cluster, in agreement with the DRIFTS experiment.
In summary, redox-active bioinspired iron-containing sulfide clusters can form high-energy photoexcited states that bind and convert N 2 to NH 3 . The presence of Fe in the chalcogels seems to be necessary for this process whereas that of Mo is not. Specifically, whereas Mo 2 Fe 6 S 8 (SPh) 3 3 and Fe 4 S 4 clusters is feasible, which can then activate N 2 toward final ammonia formation. The results reported here will greatly expand the scope of materials design and engineering for the creation of highly active N 2 reduction catalysts operating in ambient conditions. 
Materials and Methods
Additional details regarding the materials and methods may be found in the SI Appendix. Photocatalytic N 2 Fixation Experiment. The reaction vial contains 55 mg (50 mM) pyridinium hydrochloride and 10 mg (5 mM) sodium ascorbate in 10 mL water and was sealed with a rubber septum. Chalcogels was suspended in the aqueous solution during stirring. Nitrogen gas was continually bubbled through the solution. The solutions were continuously irradiated with a 150-W xenon lamp.
The light intensity at the sample was set to 100 mW/cm 2 . For all of the following experiments herein, the constant amount of wet chalcogels (150 mg) was used for comparison purpose. The N 2 flow was maintained during illumination period and flow velocity was minimized to reduce evaporation of aqueous solution in total 48-h illumination period. Quantitative proton NMR was used to quantitate ammonium concentration by using 1 mM Maleic acid as internal standard. For the NMR studies, the pH of the solutions was adjusted to 2 using concentrated hydrochloric acid aqueous solution. The 1 mM Maleic acid was used as the internal standard; 20% DMSO-d 6 was used in the solutions. NMR measurements were done on an Agilent 400-MHz system. The integration areas of triplet peaks could be used to determine the concentration of generated NH 4 + comparing with the as-known Maleic acid reference (see the calibration curve of authentic NH 4 Cl in SI Appendix, Fig. S3A ). DRIFTS Spectra. In situ DRIFTS spectra were acquired using a Nicolet 6700 infrared spectrometer equipped with a liquid nitrogen cooled MCT-B (mercury cadmium telluride) detector. All spectra were acquired by averaging 32 scans at 4-cm −1 resolution, and were referenced to a certain background, which was a spectrum of the samples after they were purged with argon for at least 30 min. A typical experiment was conducted under the following conditions consecutively: (i) purge the cell with argon completely to remove any possible volatile contamination in the dark; (ii) preadsorb trace amount of water into aerogel sample surface by humidified argon in the dark; (iii) purge the cell with argon again to remove the surplus water in the dark; (iv) purge the cell with N2 in the dark; (v) turn on the lamp while purging the cell continually with N 2 .
